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I consider Compton scattering off the nucleon in the presence of T violation. I construct the 
Compton tensor which possesses these features and consider low energy expansion (LEX) of the 
corresponding amplitudes. It allows to separate out the Born contribution which only depends on 
the static properties of the nucleon, such as the electric charge, the mass, the magnetic moment, 
and the electric dipole moment (EDM). I introduce new structure constants, the T-odd nucleon po- 
larizabilities which parametrize the unknown non-Born part. These constants describe the response 
of the T- violating content of the nucleon to the external quasistatic electromagnetic field. As an 
estimate, I provide a HBChPT calculation for these new polarizabilities and discuss the implications 
for the experiment. 
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I. INTRODUCTION 

The first proposal of experimental search for CP vio- 
lation effects in atoms was made almost 40 years ago [T]. 
The modern advanced experimental techniques realized 
in the experiments on electron's electric dipole moment 
(EDM) are based on that idea and have the sensitivity 
of 4 ~ 10" 26 ecm [2]. 

Apart from the electron EDM, experimental searches 
for the EDM of the neutron are on-going [3]. Current 
sensitivity allows for detection of electric dipole moment 
(EDM) of the neutron at the level of d n ~ 10~ 26 e cm. 
From theoretical point of view, a non-zero EDM could 
imply non-zero values for the QCD #-term as the latter 
can induce an EDM @]. 

An attractive idea to enhance the experimental sensi- 
tivity to the electron EDM was proposed in [5]. In an 
atom, the electrons are moving in the electromagnetic 
field of the nucleus. If the electron possess an EDM, the 
electric Coulomb field of the nucleus would induce a mag- 
netic dipole moment, proportional to the electron EDM 
and the electromagnetic field strength, leading to the 
magnetization of the sample. Since the electromagnetic 
field strength inside the nucleus can be several orders 
of magnitude larger than those achievable in the experi- 
ment, the effect of a non-zero electron EDM is expected 
to be magnified. Due to chaotic relative orientation of 
atoms in a sample, these elementary magnetisations sum 
up to zero, therefore one would need a polarizing electric 
field to be applied to the sample, in order to observe the 
sample magnetization. At the same time, the authors of 
[5] indicate that the effect of these atomic T-odd polar- 
izabilities might interfer with the effect of nuclear EDM, 
and has to be taken into account. If a non-zero neutron 
EDM is discovered in the near future, further tests of our 
understanding of QCD and fundamental interactions will 
bring us to the study of the microscopic structure of the 
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CP- violating content of the nucleon, which can be de- 
scribed in terms of T-odd polarizabilities of the nucleon. 
In this paper I address the following questions. Can the 
presence of these CP-violating structure constants lead 
to a substancial interference with the measurement of the 
EDM? How and whether they can be measured? 

The concept of the polarizabilities was first introduced 
in classical electrodynamics and characterizes the ability 
of the elementary charges within a given system to be dis- 
placed from their positions in the presence of an external 
electric field. The electric dipole moment resulting from 
such a displacement is proportional to the strength of 
the applied field, and the coefficient of proportionality is 
called the (electric dipole) polarizability. This constant 
quantitatively describes the forces that put the system 
together. For instance, the atomic or molecular electric 
dipole polarizability is known to be of the order of the 
atom's or molecule's volume [6 . 

Instead, the nucleon electric dipole polarizability apj ~ 
10~ 3 fm 3 is only about 1/1000 of its volume, V N — lfm 3 , 
which characterizes the strong forces that hold the proton 
together considerably stronger than the electromagnetic 
forces holding the electron in the atom. 

The T-violating polarizabilities of the nucleon result 
from two pieces: the short range T-violating physics (T- 
violation is generated well above the electroweak scale by 
unknown new physics) responsible, for instance, for the 
QCD 0-term, and the (mostly) long range pion physics 
which is quite analogous to the usual Compton scattering 
case. Thus, the natural size of the nucleonic T-violating 
polarizabilities is expected to be 



S T ~ 10- 3 «?ofm 3 , (1) 



where go < 10~ n is the strength of the #-term and S T de- 
notes a T-violating nucleon polarizability. One can com- 
pare this to the estimates for the atomic CP-violating 
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polarizability (3 CP [5], 
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d„ 
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l(T 12 a.u., 



(2) 



where atomic units were adopted, and d n is the EDM of 
the neutron. 



II. COMPTON SCATTERING AT LOW 
PHOTON ENERGIES 

Real Compton scattering can be described, under the 
assumption of invariance under parity, charge conjuga- 
tion and time reversal, by means of 6 structure depen- 
dent amplitudes Ai(u,8), i = 1 . . . 6, with u> = u>' the 



cm. energy of the initial and outgoing photons and 9 
being the cm. scattering angle: 

T = x f {A 1 (cj,e)(e 7 * ■ e) + A 2 (uj,8)(e r * ■ k)(k> ■ e) 
+A 3 (u>, 9)iS ■ (e 7 * x e) + A^ui, 6)ia ■ {P x k)(e 7 * ■ e) 
+A 5 (uj,9)ia- Us 7 * x k)(k' ■ e) - (e x k'){k ■ e 7 *)} (3) 

+ A 6 (Lu,9)ia- {e 7 * x k')(k' ■ e) - (e x k)(k ■ e 7 *) } x , 

where e,k(e',k') stand for the polarization vector, di- 
rection of the initial (final) photon, and a is the spin 
polarization of the nucleon. 

Following Refs. [7J, the functions can be ex- 

panded into a series in powers of (small) photon energy 
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For each Compton amplitude, the leading terms in the ui 
expansion are given by model-independent Born contri- 
butions which are completely defined by the static prop- 
erties of the nucleon as a spin- 1/2 particle with the elec- 
tric charge ejv, anomalous magnetic moment kn (mag- 
netic moment ^in = sn + i^n) and mass Mn [7J- The 
higher order terms describe internal structure-dependent 
effects and are parametrized in terms of 6 polarizabilities. 

Two of them, and /3m, are spin-independent elec- 
tric and magnetic polarizabilities which enter the ampli- 
tude at 0(uj 2 ) and measure the deformation of the charge 
and magnetisation distributions in the presence of quasi- 
static electric E and magnetizing H external fields, 



d = 4iraEE, rh = Atz^eH, 



(4) 



with d(m) denoting the induced electric (magnetic) 
dipole moment. 

The other four polarizabilities 7$ , i = 1 ... 4 describe 



the response of the spin-dependent distributions inside 
the nucleon to the quasi-static external field. For exam- 
ple, the polarizabilities 71.3 quantify the induced spin- 
dependent electric dipole moment in the external mag- 
netic field, 



dj = 47r 73 V ( S ■ B 



4-7T71 



Sx(VxB) 



(5) 



Similarly, the polarizabilities 72,4 quantify the mag- 
netic dipole moment induced in the external electric field: 



mf = 47r 72 V (S-E). 
fhf = 4tt74 [sx(Vx E) 



(6) 
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III. COMPTON SCATTERING WITH P AND 
CP- VIOLATION 



IV. LOW ENERGY EXPANSION AND CP-ODD 
POLARIZABILITIES OF THE NUCLEON 



Quite in the spirit of the previous section, we will con- 
struct the Compton amplitude which violates both parity 
and time-reversal (and thus CP). 



T? = x 1 lAl(w,9){e r * ■ e)a ■ (jfe - k') 

+A?(uj, 9)(e 7 * ■ k)(k' ■ e)a ■ (k - jfe') 
+A?(uj, 0)i(k - jfe') • [e r * x e\ 
+Al(u>, 6)ia ■ (jfe + jfe') x (e 7 * x e) 

+aI(lo, B)ia ■ \{e r * x k)(k' -e) + (ex k')(k ■ e 7 *) 
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In the above formula, I use the notation as close to 
the CP-even Compton scattering as possible. All the 
structures we are interested in should contain at most 
one spin vector since one can always reduce the number 
of the cr's in a product through a a a\y = 5 a b + ie a bc^c and 
the minimal power of photon momenta. I do not change 
the dependence of the structures in Eq.Q on the photon 
polarization vectors, if possible, but modify the depen- 
dence on the photons' momenta and nucleon spin such 
that the result is CP-odd. The first two structures in 
Eq.Q are obtained by multiplying the corresponding C, 
P and T conserving structures of Eq.Q by the explicitly 
P and T violating scalar a ■ (k — k ). The third structure 
results from substituting the P-even, T-odd spin vector 
a by P-odd, T-even vector (k — k). The fourth struc- 
ture in Eq.(H| does not allow for a modification to obtain 

— . T 

a CP-odd structure distinct from that coming with A±, 
therefore I use another structure instead. The last two 
structures are obtained from the corresponding Comp- 
ton structures by changing the relative sign between two 
terms. In this way, these combinations become T-odd 
but are P-even. For completeness, I also give here the 
amplitudes which are P-odd and T-even, 



X *{A((u;,e)(s 7 *-s)*-(k + k') (8) 

+ A%(w, 8)(e 7 * ■ k){k' -e)a-(k + %') 

+ A[(w, 6)i(k + V) ■ [e 7 * x e] 

+ Af (u, 6)ia ■ (jfe - k') x (e 7 ** x s) j X- 



Together with the C, P, and T even Compton ampli- 
tudes of Eq.Q and T-odd amplitudes of Eq.([8]), these 
amplitudes form the complete basis for real Compton 
scattering with 2 4 = 16 possible polarization states. 



The next step is to calculate the Born part of the T- 
violating Compton scattering amplitude. This Born con- 
tribution corresponds to an elastic absorption (emission) 
of the initial (final) photon by either the initial or fi- 
nal nucleon with the single nucleon propagating in the 
intermediate state. For such an amplitude to violate 
time-reversal one needs T-violating photon coupling to 
the nucleon. This can be arranged by including a non- 
zero EDM term into the electromagnetic vertex of the 
nucleon, 
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where the dimensionless is the electric dipole mo- 
ment (EDM) of the nucleon measured in units of the 
nuclear magneton ^ , and the index N — p,n indi- 



cates whether the nucleon is the proton or the neutron, 
respectively In the following, I will use the EDM in the 
usual units, 
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FIG. 1: Born contributions to CP-violating Compton scat- 
tering. The square represents the coupling of the photon to 
the nucleon EDM. Graphs with opposite ordering of the SM 
and EDM couplings are not shown. 

The direct calculation of the diagrams in Fig[T] leads 
to the following results: 
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where the four constants were introduced, the T-odd, P- 
odd polarizabilities of the nucleon 8f, i = 1 ...4. As in 
the case of P-even T-even Compton scattering, the spin 
independent polarizability parametrizes the term which 
is quadratic in photon energy, while the spin dependent 
ones come at order w 3 . One should note that the fact that 
the amplitudes do not possess definite crossing symme- 
try (u) — > —to) is due to the use of the cm. frame which 
makes the direct and crossed channels asymmetric by im- 
posing that the nucleon in the intermediate state is at rest 
in the s-channel, p + k = 0, while it is not the case for 
the it-channel, p — k' ^ 0. 

The polarizabilities introduced above can be inter- 
preted as the deformation of the system under the in- 
fluence of the external electromagnetic field, as it was 
done for the usual Compton scattering. The polarizabil- 
ity Sf quantifies the electric dipole moment induced by 
the gradient of the external electric field in the direction 
of the spin, and similarly for the polarizability 8% 

dj = 4nSf(S-W)E, 
mf = 4tt(5J(5- V)B. (12) 

Furthermore, there is one polarizability which charac- 
terizes the electric dipole moment induced by the external 
magnetic field (without spin), 

dF = An8lB, (13) 

and finally, another polarizability which quantifies the 
electric dipole moment induced by the gradient of the 
projection of the external electric field onto the nucleon 
spin, 

dj = 4ir8jV(S-E). (14) 



with F„ the pion decay constant. Furthermore, we will 
need the usual CP-conserving pion-nucleon Lagrangian. 
The lowest order ChPT Lagrangian in the heavy baryon 
formalism is well known and we refer the reader to Ref. 
[5] for the details. 




FIG. 3: Representative one loop graphs for the HBChPT cal- 
culation of the T-odd polarizabilities. The square represents 
the CP-violating pion-nucleon coupling as described in text. 
Graphs with opposite coupling ordering are not shown. 

The representative diagrams at one loop are shown in 
Fig. [3] Keeping the leading terms in ui/Mjq only, we 
obtain the following results for the T-odd polarizabilities: 

X T _ a em 9A 

Sl - ~^8F^ 9 ° 

Sj = + O(w/M w ), (17) 

where gA stands for the axial coupling of the nucleon. We 
note that that the polarizability 8j arises due to nucleon 
recoil effects and is thus of order w/Mjy. 



V. HBCHPT CALCULATION OF THE T-ODD 
POLARIZABILITIES 



VI. EXPERIMENTAL ACCESS TO THE T-ODD 
POLARIZABILITIES 



The QCD 0-term leads to a P-odd T-odd coupling of 
the pion to the nucleon, 



-g Nf ■ ttN. 



(15) 



The contribution to the polarizability 8% arises due 
to neutral pion exchange in the f-channel, as shown in 
Fig. [2] for which one needs the anomalous 7r°77 vertex 



-a- 



FIG. 2: 7r° pole contribution to T-odd Compton scattering, 
provided by Wess-Zumino-Witten Lagrangian, 



tWZW 



327T 2 P^ 
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In principle, one might try to measure these new struc- 
ture constants of the nucleon using the well established 
experimental techniques used in the EDM-type experi- 
ments. In such experiments, one measures the difference 
in the precession frequency of the spin in the external 
magnetic and electric fields depending on the field orien- 
tation. However, these experiments use static fields. Un- 
der these conditions, Compton effect is undetectable, as 
the corresponding Compton frequency shift is ~ uj/Mn. 

As one can see from Eqs. ( 1 1|17 1 , the polarizabilities 
contributions arise as corrections in powers of u>/m n to 
the leading Born contributions. To see these corrections 
one has to go to photon energies (frequencies) comparable 
to the pion mass. Such experimental conditions may be 
accomplished in a Compton scattering experiment. One 
of the possibilities would be to scatter circularly polarized 
photons off unpolarized nucleon target. One can flip the 
polarization of the photon and without detecting the po- 
larization state of the photon in the final state, measure 
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the difference in the signal. The general expression of 
such a single spin asymmetry in terms of the amplitudes 
defined above is somewhat lengthy. Making use of the 
LEX of the PCTC Compton amplitude for the proton, 
one has 



<7 T + <7 L 



i + cos 2 e 
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3 2 A, 
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,(18) 



where the LEX of the amplitudes A\ and A J are given in 
Eqs. Q and ([II]), while the LEX of the P-odd amplitude 
A§ can be found in Ref. [9]. 

One notices that this asymmetry obtains contributions 
both from PVTC and PVTV amplitudes. The contri- 
bution of the former originates mainly from the P-odd 
combination of Compton helicity amplitudes \T 1 i . x 1 1 2 — 



IT 



which does not violate time reversal. 



The main source of the latter of the two is the com- 
bination of the backward-dominant helicity amplitudes 
|T_j _ i.j 1 | 2 — \T 1 _ 1 | 2 which is non-zero in the pres- 
ence of both P- and T-violation. The parity-violating 
asymmetry was first considered in [5] and it is expected 
to be of order 10 -8 at forward angles. If CP- violation is 
due to a non-zero QCD 0-term that is very tightly con- 
strained by the experimental limit on EDM, the expected 
value of the single spin asymmetry in Eq. (18 1 is 



A CP < 10- 11 



(19) 



for ~ 100 MeV photons and very backward angles. The 
effect is quadratic in the photon energy ui. Although this 
effect is tiny as compared to the parity-violating con- 
tribution, by going to very backward angles this latter is 
highly suppressed due to the cos 4 § factor in front. It fur- 
thermore has a cubic dependence on the photon energy 
[9]. Another important background is represented by the 
analyzing power of Compton scattering. Experimentally, 
it is impossible to achieve a 100% circular polarization. 
The remaining linear polarization component can lead 
to a similar T-odd observable that does not require T- 
violation, but arises from the final state interaction. One 
has for the Compton cross section [T^] 
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(20) 



with <7o the usual unpolarizcd differential cross section 
and 4> the angle between the linear photon polarization 
direction and the reaction plane. Finally, A represents the 
degree of linear polarization, and P the analyzing power. 
The analyzing power arises as an interference between 
the purely real leading order Compton amplitude (below 
the pion threshold) , and the imaginary part of the next- 
to-leading order Compton amplitude, as shown in Fig. [4] 
Inserting the leading in LEX Thomson term in place of 
the blobs in the figure, we obtain: 



ImAi lo 

~Af =aem M 



(21) 



where the energy dependent factor is due to the phase 
space. The analyzing power P is then obtained from 
interference terms like 



ASlmAi sin 2 (9 to 2 sin 2 9 , N 

cos 6 M 1 1 + cos- 2 9 
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(22) 



The above formula gives an adequate result for the 
leading contribution at low energies, and the corrections 
due to imaginary parts of other amplitudes arise at the 





FIG. 4: The mechanism for the analyzing power of Compton 
scattering at low energies. 

Assuming the degree of linear polarization in the pho- 
ton beam to be of order 1%, and going to very backward 
angles, so that cos | < 0.1, we see that such QED final 
state interactions can lead to asymmetries of the order 



\FSI 



1 uj 2 
0.01 x 0.1 x — x ^xcos20 



10~ 7 cos2</> 



(23) 



As one can see, the analyzing power represents a very 
substantial background for a measurement of a CP- 
violating Compton scattering, as well as that of the 
parity- violating Compton scattering as proposed in [9]. 
This background can be distinguished experimentally by 
measuring the complete azimuthal angle dependence of 
the considered single spin asymmetry. The final result 
is given by a cosine-modulated FSI contribution plus a 
constant term in (j> that is the P- and CP-odd pieces. 

These estimates indicate that whenever CP-violation 
in Compton scattering is due to mechanisms that can 
directly contribute to the EDM, as well, the correspond- 
ing asymmetries cannot exceed roughly 10 -11 at energies 
just below the pion threshold. 



VII. MODEL INDEPENDENT CONSTRAINTS 
ONTO CP- VIOLATION IN COMPTON 
SCATTERING 

I will next examine the upper limit constraint on CP- 
violation in spin-independent Compton scattering. 

As a possible, although exotic scenario, one can assume 
that an unknown source of CP-violation may exist, that 
generates the T-odd Compton amplitude but is for some 
reason forbidden to show up in just one photon vertex 
(for instance, the spin-independent CP-odd term is not 
present in the one photon coupling, but arises in Comp- 
ton scattering). An example of such a Lagrangian is a 
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dimension-7 operator 



L = c{K)^e llva0 F^F^NN, 



(24) 



where A represents the scale of the unknown CP- 
violating New Physics that is integrated out and is re- 
placed by the above effective vertex, and c(A) the cor- 
responding Wilson coefficient. This operator generates 
the non-Born part of the amplitude only, since the 
EDM is supposed not to obtain contribution from this 
mechanism, 



T _ 4e 2 c(0) 
A 3 



(25) 



where the Wilson coefficient should be taken at low en- 
ergy. The EDM then arises at one-loop level as a QED 



not quadratic running, therefore the 1 /A 2 will be domi- 
nant for the dependence of the above limit on the New 
Physics scale. An accurate treatment can indeed change 
the estimate somewhat, and I leave this investigation for 
a future work, as this calculation goes beyond the scope 
of the present article. 

Since the pion is the lightest hadronic state, this result 
means that the calculation of the CP-odd polarizabilities 
of the nucleon in the ChPT with pions of Eq. ( 17 1 repre- 
sents the dominant contribution due to the 1 / A^suppres- 
sion of heavier particles contributions. In other words, if 
a substantial CP-violating mechanism in nucleon spin- 
independent Compton scattering exists, it should involve 
some light particles, like pions or eta's for instance, to be 
observable at the same level as the CP- violating irNN 
coupling contribution considered here in greater detail. 




FIG. 5: New Physics contribution to the nucleon EDM at one 
loop. The square represents the operator specified in the text. 



VIII. CONCLUSIONS 



radiative correction, as shown in Fig. [5] 
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such that we obtain a limit on this New Physics contri- 
butions from the EDM, 



c(A) < 10 
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A 



IGeV 



(27) 



In summary, I considered Compton scattering in the 
presence of CP-violation. I defined the Compton am- 
plitudes that possess this feature and applied the Low 
Energy Theorem to this amplitude. After the separa- 
tion of the Born contribution that is defined by static 
properties of the nucleon and its EDM, I parametrized 
the unknown non-Born part by introducing the model- 
independent structure constants, the nucleon T-odd po- 
larizabilities. I calculated these polarizabilities in the as- 
sumption that the CP-violation is due to non-zero QCD 
#-term that generates a CP-violating ttNN coupling. I 
furthermore proposed an observable in Compton scatter- 
ing that is directly sensitive to CP-violation that is a 
single-spin asymmetry with circularly polarized photon 
beam. Within the model for the T-odd polarizabilities 

used in this work, I estimated such an asymmetry to be 
1 1 2 

of order 10 x uj being the photon energy, and 
found that it is picked at backward angles. The above 
limit originates from the experimentaql limits on EDM 
translated into the strength of the QCD #-term. Experi- 
mentally, the CP-odd asymmetry is always accompanied 
by the P-violation contribution to Compton scattering 
which was estimated in the literature as 10 -8 -^ and is 
Combining this limit with Eqs. j25j_and ([18} we arrive suppressed at backward angles as cos 4 f . I also consid- 
ered a background process that involves the linear polar- 
ization component in the photon beam which can lead to 
azimuthal angle-dependent asymmetry due to final state 
interactions that generate an imaginary part of Compton 
scattering. At very backward angles, such FSI can lead 
to asymmetries of order 10~ 7 x cos 20, with (j> the angle 
between the direction of the linear polarization and the 
scattering plane. 



The loop calculation contains a quadratic divergence due 
to the neglection of the vertex structure within an ef- 
fective field theory treatment. To obtain an order-of- 
magnitude estimate of this loop contribution, I use the 
"naive dimensional analysis" method [IT] that is based 
on the dimensional regularization approach that ensures 
that the only mass scales arising in such a calculation are 
physical particle masses. The quadratic divergence itself 
should cancel exactly, once one specifies the underlying 
theory that is renormalizable. Unless there exists a sym- 
metry that enforces the exact cancellation, at low photon 
energies this cancellation should not occur at 100% level. 
Then, the naive dimensional analysis estimate is still ad- 
equate. 



to the following upper limit for the CP- violating asym- 
metry generated by the New Physics: 



,NP 



< 10 



-ii' 



A 2 



(28) 



To arrive to this result I neglected the running of the 
Wilson coefficient c(A). This running may indeed be sub- 
stantial, but one would rather expect a logarithmical, and 
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